Objective: The aim of the study was to determine whether the integration of dynamic weight shifting into treadmill training would improve the efficacy of treadmill training in humans with spinal cord injury. Design: Sixteen humans with spinal cord injury were randomly assigned to receive robotic or treadmill-only training and underwent 6 wks of training. A force was applied to the pelvis for facilitating weight shifting and to the legs for assisting with leg swing for participants in the robotic group. No assistance force was applied for participants in the treadmill-only group. Outcome measures consisted of overground walking speed, 6-min walking distance, and other clinical measures and were assessed before, after 6 wks of training, and 8 wks after the end of training. Results: A greater improvement in 6-min walking distance was observed after robotic training than that after treadmill-only training (P = 0.03), but there was not a significant difference between the two groups in improvements in walking speed. However, a greater improvement was observed for the participants who underwent robotic training than those who underwent treadmill-only training (i.e., 15% vs. 2%). Conclusions: Applying a pelvis assistance force for facilitating weight shifting during treadmill training may improve locomotor function in humans with spinal cord injury.
T he recovery of walking is one of the major goals of patients after a spinal cord injury (SCI), 1 because limitations in mobility can affect most activities of daily living. 2 Body weightsupported treadmill training with manual assistance has been used as a rehabilitation method designed to improve motor function and ambulation in patients with SCI. 3 However, body weight-supported treadmill training requires considerable involvement of a physical therapist. Several robotic body weightsupported treadmill training systems have been developed for automating locomotor training. 4, 5 However, although these robotic systems are effective in reducing the labor intensity of therapists who conduct locomotor training, the functional gains after robotic treadmill training in humans with SCI are relatively small for some patients, 6 which may be due to limitations of the robotic systems. As a consequence, there is a need to improve the efficacy of current robot-assisted body weight-supported treadmill training.
One limitation of current robotic systems is the constraint of the pelvis movement in the mediolateral direction, 4 which may limit the weight shifting that occurs during the training. The ability to initiate and control weight shifting is a prerequisite for independent walking. 7 The weight shifting capacity of many patients with SCI is impaired. One of possible reasons for this impairment may be due to the weakness of the hip abductor/adductors, 8 a key muscle groups for maintaining lateral balance during walking. 9 Insufficient weight shifting to the ipsilateral leg may limit the unloading of the contralateral leg, which may affect the leg swing of the contralateral leg because the load afferent is a key input that modulates the translation from stance to swing during locomotion. 10 Thus, improving the weight shifting capacity of the patients with SCI may improve their walking. However, although the importance of weight shifting in relation to walking capacity in patients with SCI has been acknowledged, there is no evidence whether the integration of weight shifting training into treadmill training will improve the efficacy of treadmill training.
The goal of this study was to determine whether the integration of weight shifting training into treadmill training will improve the efficacy of treadmill training in patients with SCI. We hypothesized that the integration of weight shifting training into the treadmill training paradigm would improve weight shifting capacity and/or balance of humans with SCI, resulting in improvements in walking speed and endurance after robotic treadmill training. In addition, we tested the feasibility of the paradigm that combines the treadmill training and overground training for improving walking function of patients with SCI. A period of 6 wks of treadmill training was used in this study based on results from previous studies, which ranged from 4 to 12 wks.
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METHODS
Participants
Screening evaluations were performed on 33 participants at the Rehabilitation Institute of Chicago from 2010 to 2013. Sixteen participants with motor incomplete SCI (i.e., ASIA Impairment Scale Level of C or D) were recruited in this study (Fig. 1) . Detailed information about these participants is provided in Table 1 .
Inclusion criteria for participation in the study included the following: (1) age between 18 and 65 yrs; (2) medically stable with medical clearance to participate (i.e., the primary physician of each subject was contacted to get permission in this study); (3) level of the spinal cord lesion between C2-T10; (4) passive range of motion of both legs within functional limits for ambulation (i.e., ankle dorsiflexion to neutral position, knee flexion from 0 to 120 degrees, and hip to 90 degrees flexion and 10 degrees extension); and (5) with orthotics that do not cross the knee.
Exclusion criteria include the following: (1) the presence of unhealed decubiti, existing infection; (2) severe cardiovascular and pulmonary disease; (3) concomitant central or peripheral neurological injury (e.g., traumatic head injury or peripheral nerve damage in lower limbs); (4) history of recurrent fractures and/or known orthopedic injury to the lower limbs; and (5) Botox injection within 6 mos of starting the study. Participants currently receiving pharmacological treatment for spasticity were included but requested to inform to research physical therapist and to refrain to adjust the dosage during the course of the study. All research on human subjects was conducted with authorization of the Northwestern University Medical School Institutional Review Board. Written informed consent was obtained from all participants. This study conforms to all CONSORT guidelines and reports the required information accordingly (see Checklist, Supplemental Digital Content 1, http://links.lww.com/PHM/A585).
Apparatus
A custom-designed 3D cable-driven robotic system, 3DCaLT, illustrated in Figure 2 , was used to provide controlled forces to the pelvis and legs during treadmill walking. Specifically, the 3DCaLT consists of four nylon-coated stainless-steel cables (1.6 mm), driven by four motors (AKM33H, Kollmorgen, Drive amplifier, Servostar 30661) and cable spools. Two motorized cables were attached to custom braces that were strapped to the pelvis through a waist belt and were used to provide a controlled assistance force to the pelvis in the mediolateral direction for facilitating weight shifting during stance. In addition, two motorized cables were attached to braces that were strapped to legs above the ankle and were used to provide a controlled assistance force for assisting leg swing. The operator controls the 3DCaLT via a user interface that is programmed in LabVIEW (National Instruments; Austin, TX). Two sets of custom-designed 3D position detectors were used to measure the ankle trajectory signals, which were used to trigger pelvis and leg assistant loading. The position detector consists of a rod and three potentiometers. 12 Two rotational potentiometers (P2201; Novotechnik, Southborough, MA) were used to measure rotational movements of the detector rod in the anterior-posterior and medial-lateral directions, and one linear potentiometer (SP-2; Celesco, Chatsworth, CA) was used to measure the linear displacement of detector rod. One end of the detector rod was attached to the leg at ankle through a strap and the other end of the detector rod was attached to a frame located at the side of treadmill through a U-joint.
Protocol
A 6-wk randomized robotic treadmill training or treadmillonly training was conducted with three assessments of gait to determine the training effects. Participants were randomly assigned to one of two groups, that is, robotic treadmill training or treadmill-only training. The randomization was conducted by research physical therapists through concealed envelopes, which was chosen by each subject for the determination of his/her group assignment. For participants who were assigned in the robotic training group, a bilateral pelvis assistance load was applied to the pelvis from heel strike to mid-stance on the ipsilateral leg for facilitating weight shifting. 13 The peak force was set at approximately 9% of body weight (a constant magnitude force was applied during the loading period), although adjusted based on the tolerance of participants. In addition, an assistance load was applied to both legs from toe off to mid-swing to facilitate leg swing with magnitude of the force was determined using an adaptive control algorithm. 14 For participants who were assigned in the treadmill-only training group, no assistance force was applied during treadmill training. Participants were fitted with an overhead harness that attached to a counterweight support system. Body weight support was provided as necessary for both groups to prohibit knee buckling or toe dragging during treadmill walking. Treadmill training speed was set at the subject's comfortable walking speed. Training was conducted 3 times per week for 6 wks with the training time for each visit set to 45 mins (i.e., 35 mins of treadmill training and followed by 10 mins of overground walking practice), excluding setup time. Short sitting breaks (~1-3 mins) were allowed, depending on the tolerance of each subject. The Borg rating of perceived exertion, 15 which is a way of measuring physical activity intensity level with its scale ranges from 6 to 20, was monitored during the course of training, and the targeted rating of perceived exertion was 12 to 16, that is, somewhat hard to hard levels.
Outcome Measures
Outcome measures were assessed before, after 6 wks of treadmill training, and 8 wks after the end of training. Primary outcome measures included gait speed and endurance. Specifically, self-selected and fast walking speeds were assessed using a 10-m instrumented mat (GaitRite, CIR Systems Inc, Franklin, NJ), which has been validated in patients with SCI. 16 The endurance was assessed using 6-min walking distance, which has been validated in patients with SCI. 17 In secondary outcomes, muscle tone of the knee joint muscle groups was assessed using the Modified Ashworth Scale. 18 Balance was assessed using the Berg Balance Scale (BBS), 19 a clinical measure of postural stability, and has been validated in patients with SCI. 20 Scores on the Activities-Specific Balance Confidence Scale 21 and improvements in quality of life, which was quantified using SF-36, 22 were also assessed. In addition, lower limb motor scores were also assessed.
Data Analysis
Only data from all participants who completed all training and evaluation sessions were analyzed. Independent sample t tests, and Wilcoxon rank sum tests, as appropriate, were used to compare baseline characteristics of robotic treadmill training and treadmill-only training groups. Data normality was checked using Shapiro-Wilk test. All parametric measures were analyzed using repeated measure (i.e., pre, post, and follow-up tests) analysis of variances for within-group comparison. If a significant difference was detected, Tukey-Kramer post-hoc tests were conducted to determine which conditions were different from each other. Nonparametric measures were analyzed using Friedman tests with post-hoc Wilcoxon tests. Changes in primary outcomes, that is, walking speed and 6-min walking distance, were calculated by subtracting the baseline value from the value obtained at posttest and follow-up tests and analyzed using repeated-measures analysis of variance with main factor of group (robotic vs. treadmill only) and repeated for time (posttraining and follow-up tests). Data were analyzed using Matlab_R2016 (The MathWorks, Natick, MA). Significance was noted at a P value of less than 0.05 (0.05 ≤ P < 0.1 was defined as a trend) for all analysis.
RESULTS
Sixteen participants with incomplete SCI were recruited to participate in this study (14 participants completed all the training and evaluation sessions). Two participants dropped out of study (attrition rate = 12.5%) ( Table 1) . One of them dropped out because of transportation issues, and the other one dropped out because of being unable to tolerate long-term treadmill training. There was no significant difference between the robotic group and treadmill-only group in age, time after injury, and overground walking speed; however 6-min walking distance for participants from the treadmill-only group was significantly greater than that from the robotic group at baseline (P = 0.03) ( Table 2 ).
The average treadmill training speed and walking distance (during treadmill walking) significantly increased during the course of training session for both groups (i.e., treadmill speed increased from 0.37 ± 0.14 m/sec at session 1 to 0.47 ± 0.14 m/sec at session 18 for the robotic group, and increased from 0.59 ± 0.26 m/sec at session 1 to 0.68 ± 0.30 m/sec at session 18 for the treadmill-only group, P < 0.01 for both groups), although there was no significant difference in average treadmill training speed and walking distance between the two groups (P > 0.05) ( Table 3 ). There was no significant difference between the level of training intensity between the two groups (P > 0.05) ( Table 3) .
For the overground training sessions, the average training speed and distance significantly increased during the course of training for the participants from the robotic training group (i.e., the average overground training speed increased from 0.29 ± 0.13 m/sec at session 1 to 0.41 ± 0.20 m/sec at session 18, P = 0.01), but this was not the case for the participants from the treadmill-only training group (i.e., the average overground training speed was 0.55 ± 0.27 m/sec at session 1 and was 0.58 ± 0.27 m/sec at session 18, P = 0.59). Training speed and distance for the participants from the treadmill-only training group were significantly greater than that from the robotic training group at session 1 (P = 0.03), but there were no significant differences between the two groups at sessions 9 and 18 (Table 3) .
Robotic treadmill training induced significant improvements in endurance of patients with SCI. Specifically, 6-min walking distance significantly increased after robotic treadmill training (P = 0.02). Post-hoc tests indicated that 6-min walking distance significantly increased from 120 ± 37 m to 157 ± 59 m (average increase was 36.8 ± 30.5 m, i.e., 29% increase, effect size, 0.75) after robotic training (P = 0.04) and remained to be significantly greater than baseline levels at the follow-up test, that is, 151 ± 60 m (24% increase, P = 0.04) (Fig. 3A) . The gain in 6-min walking distance was greater than the minimal clinically important difference of adults with pathology (i.e., >14.0-30.5 m 23 and is unknown for patients with SCI). In addition, self-selected walking speed tended to increase after robotic treadmill training, that is, from 0.33 ± 0.15 m/sec to 0.39 ± 0.20 m/sec (average increase was 0.06 ± 0.07 m, i.e., 15% increase, effect size, 0.33) after training, although this was not significant (P = 0.07), and was 0.38 ± 0.19 m/sec (13% increase) at the follow-up test (Fig. 3B) . The gain in self-selected walking speed exceeded the minimal clinically important difference of patients with SCI, that is, ≥0.05 m/sec. 24 There were no significant changes in fast walking speed (P = 0.16) after robotic treadmill training, that is, was 0.48 ± 0.22 m/sec and 0.54 ± 0.29 m/sec (5% increase), pre-and postrobotic training, and was 0.52 ± 0.26 m/sec (5% increase) at follow-up tests, respectively. In contrast, the 6-min walking distance had no significant change after treadmillonly training (P = 0.65), that is, was 218 ± 92 m and 225 ± 96 m pre-and posttreadmill training (average increase was 6.9 ± 19.9 m), respectively, and was 229 ± 93 m (5% increase) at follow-up test (Fig. 3A) . In addition, self-selected walking speed had no significant change, that is, was 0.56 ± 0.24 m/sec pre-and posttreadmill-only training (P = 0.89), and was 0.57 ± 0.25 m/sec at follow-up test. Similarly, fast walking speed had no significant change (P = 0.43), that is, was 0.80 ± 0.34 m/sec and 0.79 ± 0.35 m/sec pre-and posttreadmillonly training, and was 0.82 ± 0.36 m/sec at follow-up test (Fig. 3C) . Spatial-temporal gait parameters had no significant changes after robotic or treadmill-only training, although step frequency and single-leg support time tended to increase after robotic training but this was not the case after treadmill-only training (Table 4) . Other clinical outcome measures had no significant changes after robotic training or treadmill training only (Table 4) . Between-group comparisons indicated that gains in 6-min walking distance were greater for the robotic training group than that for treadmill-only training group (P = 0.03), although gains in self-selected and fast walking speeds were not significantly different between the two groups (P = 0.06 and P = 0.12 for self-selected walking speed and FIGURE 3. Six-minute walking distance (A) and overground walking speed before, after 6 wks of robotic treadmill training (B), and treadmill-only training (C) and 8 wks after the end of training. Data shown were averaged across participants from each group. *Significant difference, P < 0.05. fast walking speed, respectively) (Fig. 4) . In addition, we grouped subjects based on their injury level, that is, para-vs. tetraplegia. It seems more functional gain in 6-min walking distance was obtained for subjects with tetraplegia injury (30.4 ± 30.4 m, n = 10) than subjects with paraplegia (0.6 ± 9.2 m, n = 4).
DISCUSSION
Results from this study indicate that applying pelvis assistance force to facilitate weight shifting during treadmill training seems more effective than conventional treadmill-only training in improving endurance of patients with SCI. In addition, results from this study also indicate that it is feasible to use a combined paradigm, that is, treadmill training followed by overground walking practice, to improve walking functions in patients with SCI. However, we do not know whether a combination of treadmill training and overground walking practice is more effective than treadmill training alone in improving walking function in patients with SCI.
Applying a mediolateral assistance force to the pelvis for facilitating weight shift during treadmill training may increase the effect of treadmill training on endurance of patients with SCI. There are several mechanisms by which this may occur. Weight shifting is a crucial component for an efficient walking pattern because insufficient weight shifting to the ipsilateral leg, that is, the standing leg, may prevent a longer stride of the contralateral leg, that is, the swing leg. Because of the weakness of the hip adductor/abductors, patients with SCI may have an impairment in weight shifting, which may have a negative impact on their walking capacity. 8 In this study, applying a controlled pelvis assistance force during stance phase might facilitate weight shifting to the ipsilateral leg, that is, the standing leg, which helped release the load on the contralateral leg, resulting in enhanced load afferents to the spinal locomotor center. The enhanced load afferents may facilitate an efficient transition from stance to swing of the contralateral leg and may induce a longer step length for patients with SCI. 10 Alternatively, applying a pelvis assistance could induce additional challenges in maintaining lateral balance control and stability of the hip of the standing leg of patients with SCI. Thus, we speculate that patients with SCI may have to enhance muscle activation of the hip abductors/adductors to maintain lateral balance during walking. The hip abductors/ adductors have been suggested to play a key role in maintaining lateral balance during walking, 9 and the muscle strength of hip abductors is thought to highly correlate with ambulatory capacity of humans with SCI. 8 Thus, the repeated activation of these sensorimotor pathways induced by prolonged exposure to a pelvis assistance force during long-term treadmill training may reinforce circuits and synapses used for lateral balance control during walking through use-dependent motor learning mechanisms, 25 leading to long-term improvements in balance control. The improvement in balance control may lead to improved lateral stability on the stance leg, allowing for greater hip extension to occur (inadequate hip extension is one of the major gait impairments of humans with SCI 26 ), which is supported by the trend of improvements in single-leg support time after robotic training. A greater hip extension may elicit enhanced afferent inputs from hip flexors for initiating leg swing of the ipsilateral leg 27 and provide forward propulsion of the contralateral leg through the backward rotation of the pelvis, resulting an improvement in walking in humans with SCI after robotic training. In addition, a previous study indicated that lateral balance during walking may need active control, 28 which may involve an energetic cost. 29 Thus, the improvements in lateral balance may reduce the energetic cost during walking, resulting in a more efficient gait pattern after robotic training. These may be the reasons why we observed a significant improvement in the endurance of patients with SCI after robotic treadmill training.
In contrast, results from this study indicated that treadmillonly training did not induce significant improvements in walking function of patients with SCI, which is consistent with several previous systematic reviews. 30 For instance, the average gain in 6-min walking distance obtained after treadmill-only training was 11.0 ± 24.4 m, which is comparable with gains obtained from previous randomized controlled studies using treadmill training, 30 but is only approximately equal to 30% of the gain obtained after robotic treadmill training, that is, 36.8 ± 30.5 m (> minimal clinically important difference, 23 and > clinical meaningful difference, which was suggested to be 31 m). 30 One possible reason why treadmill-only training seems less effective than roboticassisted treadmill training may be that the challenge inherent in the task of treadmill-only training for patients with SCI was not strong enough to induce improvement. For instance, lateral balance was challenged less in the treadmill-only training group, particularly when patients with SCI were allowed to hold onto the frontal bar or side bars for the sake of safety concerns.
Results from this study may have some clinical applications. For instance, our data indicated that applying lateral pelvis assistance to facilitate weight shifting during treadmill training is an effective strategy for improving endurance of patients with SCI. Thus, it may be beneficial to focus on lateral weight shifting training in conjunction with robotic treadmill training when treating patients with SCI who have a goal for improved endurance.
This study has several limitations. For instance, the sample size was small because of the financial constraints and challenges of subject recruitments, which warrants further studies with a larger cohort participants. The functional level of subjects at baseline evaluation may have impacted the functional gains obtained by robotic training. For instance, the endurance of participants from the treadmill-only training group at baseline was significantly greater than that for participants from robotic training group. Thus, the smaller increase in endurance for participants from the treadmill-only group may be due to the ceiling effect. However, we did not observe a significant correlation between the 6-min walking distance at baseline and the increase in walking distance after treadmill training (P = 0.58, n = 14). Thus, the ceiling effect may not be the primary reason for the small increase in endurance for participants from the treadmill training group. All participants in the current study could ambulate with/without assistive devices. We do not know whether this type of paradigm could be extended to patients with SCI with lower functional levels, particularly those unable to ambulate with an assistive device. There were some variabilities in injury level and the age of participants, which may have impacted on functional gains. For instance, it seems that subjects with tetraplegia injury had more functional gains than subjects with paraplegia, but we have no conclusion about the impact of injury level on the walking functional gains obtained after treadmill training because of the small sample size. Further studies are needed to determine whether subjects with tetraplegia injury have more capacity to improve their walking function through treadmill training. In particular, the injury level of subjects between the two groups was comparable. Specifically, for subjects who were assigned to the robotic group, five subjects had cervical level injury and three subjects had thoracic level injury. For subjects who were assigned to the control group, five subjects had cervical FIGURE 4. Changes in 6-min walking (A) self-selected overground walking speed, (B) fast walking speed, (C) before and after 6 wks of robotic treadmill training or treadmill-only training, and 8 wks after the end of training. Data were averaged across participants in each group. *Indicates significant difference, P < 0.05. level injury, two subjects had thoracic level injury, and one subject had both cervical and thoracic levels injury. Whereas the age of subjects ranged from 26 to 63 yrs old, the average age of subjects from the two groups was comparable, that is, 48.4 ± 13.5 vs. 48.1 ± 4.9, P = 0.96. Thus, we do not believe that the variability in injury level and age between the two groups had a systematic impact on our results. In addition, whereas group assignment of subjects was randomized, the physical therapists who conducted the intervention and outcome assessments were not blinded because of staff availability, which might potentially bias the results. Further studies with a blinded assessor are warranted. Subjects were allowed to hold on to front or side bar for the sake of safety. We do not know whether this had an impact on their walking functional gains. Although results from previous studies in children with cerebral palsy 13 and individuals poststroke indicate that applying a lateral assistance force to the pelvis during stance may facilitate weight shifting during walking, we have no direct evidences whether applying a lateral assistance force to the pelvis will facilitate weight shifting in humans with SCI. Further studies are needed to quantify this effect.
CONCLUSIONS
Applying a lateral pelvis assistance force during treadmill training may facilitate weight shifting and/or provide an additional challenge to lateral balance control during walking in patients with SCI. As a consequence, the efficacy of treadmill training was improved regarding to improving the endurance in patients with SCI.
